Kampo originated from traditional Chinese medicines via Korea and has developed into its own system through thousands of years of clinical practice[@b1]. Traditional Chinese medicines were first introduced into Japan in the 6^th^ century and were modified according to local natural and cultural circumstances over the next thousand years (until approximately the 17^th^ and 18^th^ centuries, the Edo era). Kampo medicine endured a crisis during the Meiji restoration of the late 19^th^ century, when Western medicine was highly advocated[@b2]. However, it survived because of its irreplaceable advantages, including low price, convenient sources and clearly effective treatments. Although Western medicine is now the mainstream approach in Japan, many Japanese people still utilize Kampo medicines. They have been used in cancer treatment to help strengthen patients' physical reconditioning and reduce the side effects of radiotherapy and chemotherapy[@b3]. The application of Kampo combined with Western medicine is well regarded in Japan because of its effectiveness[@b4][@b5], demonstrating the ability to cure chronic diseases such as hypertension, diabetes, and allergic diseases[@b6]. These irreplaceable advantages drive the development of Kampo medicines with the aim of helping people improve their quality of life.

The first edition of the Japanese pharmacopoeia (JP) was issued in 1886 during the Meiji Era and included 77 European herbs. Unfortunately, it was not until 1974 that traditional Japanese herbal medicines were finally recognized as official medicines[@b7]. Since the 7^th^ edition, the JP has been revised every five years; the newest revision is the 16^th^ edition, published by the Ministry of Health, Labour, and Welfare. More than 276 items (crude drugs, decoctions and preparations) are listed in the newest edition of the JP[@b8]. The crude drugs used in Kampo are primarily imported from China and other countries in Southeast Asia, though a small portion are harvested or cultivated in Japan. Historical, geographical and taxonomic differences, along with different academic interpretations and genetic variations have resulted in divergence between traditional Chinese and Japanese herbal medicine. The specific differences include the existence of homonyms and synonyms and differences in the sources and parts used to obtain an identical crude drug[@b9]. Exchange in traditional medicines has expanded, and more crude materials and preparations are imported and exported between China and Japan as a result. To ensure drug safety and clinical efficacy, an accurate and rapid test to identify the sources of crude drugs is necessary.

Compared with morphological, microscopic, and chemical identification methods for herbal medicines, DNA barcoding is a new tool that has been widely used in taxonomy[@b10], biodiversity estimation[@b11], phylogenetic studies[@b12][@b13], and biological identifications[@b14][@b15][@b16][@b17]. Barcoding is a DNA-based approach for identifying species that relies on species-level discrimination using a short DNA region. This technique was first introduced by Hebert *et al*. in 2003[@b14]. Several barcoding candidates have been proposed and compared regarding their identification efficacy. Plastid genes (*rbcL* and *matK*) and the intergenic spacer *psbA-trnH* have been recommended as land plant barcodes[@b18][@b19]. Traditional medicines are often composed of plant organs. Adulterants and related species are frequently confused in applications, and the previous single or incorporated barcode(s) is far from perfect for medicinal plant identification. Chen *et al*. tested the discrimination ability of ITS2 in more than 6600 plant samples and then recommended ITS2 as a novel DNA barcode for identifying medicinal plant species[@b20]. In 2011, the China Plant BOL Group analyzed the effectiveness and universality of different combinations of DNA barcodes based on a large dataset (6286 individuals representing 1757 species in 141 genera of 75 families). These samples were tested using different methods of data analysis. The results suggest that "ITS/ITS2 should be incorporated into the core barcode for seed plants"[@b21]. A complete barcoding identification system for herbal material, from sampling to data analysis, has been developed using the ITS2 region together with the *psbA-trnH* region[@b22]. Kool *et al*.[@b23] used DNA barcodes to test commercialized medicinal plants from southern Morocco. The successful identification of crude drugs such as *Panax*[@b24], *Rhodiola* products[@b25], and caterpillar fungus[@b26] has demonstrated that DNA barcoding can be effectively used as a new authentication method for traditional medicine. This technique will promote the safety and efficiency of clinical applications and market circulation.

In this study, we established a standardized barcode identification system for crude Kampo materials, and the results indicated that DNA barcoding is an efficient tool for traditional herbal medicine authentication.

Results
=======

PCR amplification and sequencing success rate
---------------------------------------------

First, all samples were amplified using the ITS2 primer pairs. From a total of 576 samples, 517 were successfully amplified and sequenced, corresponding to a success rate of 89.8%. The remaining 59 samples were amplified using the *psbA-trnH* primer pairs. Forty-eight of the 59 samples were generated with *psbA-trnH* sequences, representing an amplification and sequencing success rate of 81.4%. A total of 565 ITS2 and *psbA-trnH* sequences were obtained from the 576 collected samples, a percentage of 98.1%. Five species failed to yield ITS2 or *psbA-trnH* sequences (*Achyranthes fauriei, Jateorhiza columba, Elettaria cardamomum, Aconitum japonicum* and *Digenea simplex*). The failure of DNA isolation and PCR amplification may be attributed to the long-term storage period of some samples and the low degree of matching between the universal primers and the particular species.

Intra- and inter-species genetic distances of ITS2 and *psbA-trnH*
------------------------------------------------------------------

Intra- and inter-specific (the number of intra-specific samples ≥ 2 and the number of congeneric species ≥ 2) genetic distances of each species were calculated using both K2P and P models. K2P model is one of the models of DNA evolution analysis. It corrects for multiple hits, taking into account transitional and transversional substitution rates, while assuming that the four nucleotide frequencies are the same and that rates of substitution do not vary among sites. P distance is the proportion (p) of nucleotide sites at which two sequences being compared are different. It is obtained by dividing the number of nucleotide differences by the total number of nucleotides compared. It does not make any correction for multiple substitutions at the same site, substitution rate biases (for example, differences in the transitional and transversional rates), or differences in evolutionary rates among sites (quoted from Instruction of Mega software). Average maximum intra-specific distances of ITS2 sequences were 0.0063 and 0.0062 from K2P and P models, respectively. Average minimum inter-specific distances of ITS2 sequences were 0.0221 and 0.0206 from K2P and P models, respectively. Average maximum intra-specific distances of *psbA-trnH* sequences were 0.0034 and 0.0033 from K2P and P models, respectively. Average minimum inter-specific distances of *psbA-trnH* sequences were 0.0026 from both K2P and P models. Besides, nucleotides variations (NV) (InDels were considered when calculating the NV) were also calculated at both intra- and inter-specific levels ([Table 1](#t1){ref-type="table"}).

Establishment of a barcode database for crude drugs recorded in the Japanese pharmacopoeia
------------------------------------------------------------------------------------------

The herbal material identification system ([www.jpbarcode.com](http://www.jpbarcode.com)) is based on the ITS2 region together with the *psbA-trnH* region and includes standard sequences from approximately 95% of the species recorded in the JP (16^th^ edition) ([Table 2](#t2){ref-type="table"}). A total of 538 ITS2 sequences (517 from our experiment and 21 from GenBank) and 50 *psbA-trnH* sequences (48 from our experiment and two from GenBank) were included in the JP database. Three sequences from different samples were included for each species. Only 10 species had fewer than three sequences. This database provides users with the following three functions:Basic information on each crude drug recorded in the JP;Herbal material DNA barcoding identification;The standard operating procedure (SOP) from sampling to data analysis.

Basic information on crude drugs
--------------------------------

The first section of the database provides basic information on the crude drugs in the pharmacopoeia. The title of each item includes the English name, the Latin name and the Japanese name of each crude drug. Three components are included for each item: the origin, sequence obtained and description. The origin describes where the crude drug originated (original plant) and the medicinal parts of the plants (the organs utilized as medicines according to historical records, e.g., roots, leaves, fruits) used in clinical applications (referring to the JP). The procedures employed to obtain the sequences are listed next. The detailed process, from material preparation to PCR amplification, is described. For most materials, the SOP was followed (described in the *Standard operating procedure from sampling to data analysis* section). Any improvements or extra steps are recorded in this section. The last part of this section consists of the description of the crude drug quoted from the JP. This section describes the morphological characteristics of the crude drug and its taste and smell, which are important evaluation indexes in the traditional medicine system.

Herbal material DNA barcoding identification
--------------------------------------------

This section is the core of the database. Both annotations and identification are provided in this section. Users enter sequences in FASTA format and then submit them for analysis. The identification function is based on the BLASTn algorithm. The search results will display one or more species with the highest similarity as the identification result. Detailed information regarding the sequence ID, species name, score, E-value and alignment results are also displayed on the output page.

The standard operating procedure (SOP) from sampling to data analysis
---------------------------------------------------------------------

The database provides users with a DNA barcoding SOP from sampling to data analysis.

### Sample collection

Techniques for preparing the collected samples and optimal storage conditions are described to ensure accurate identification results.

### DNA extraction

The general steps for DNA extraction and the processing of different medicinal parts are summarized. For example, polyvinylpyrrolidone (PVP) and mercaptoethanol must be used when grinding the materials because of the high contents of polysaccharides and polyphenols in root- and rhizome-based crude drugs, and acetone can be helpful in DNA isolation from fruit and seed materials to remove liposoluble phenolics.

### PCR amplification and sequencing

The universal primers and conditions used for PCR are listed in this section. Sequencing in both directions is required for the purified PCR products.

### Sequence assembly

The generated raw sequences must be estimated based on their quality and according to the specified parameters (listed on the page) before assembly. The ITS2 region is annotated to remove 5.8 S and 28 S sequences based on the HMM. The assembled sequences are then entered into the identification page.

A case study of the utility of the database
-------------------------------------------

One hundred crude drug and plant materials from 66 different species were collected from a drugstore (52 samples), several botanical gardens in Japan (7 samples), and a Chinese medicine company in China (41 samples) as test samples. ITS2 sequences were obtained following standard procedures. We found that 78 out of the 100 test samples were identified as the labeled species. The remaining 22 test samples were correctly identified to the genus level (see [Supplementary file](#S1){ref-type="supplementary-material"} [Table S2](#S1){ref-type="supplementary-material"}). These genera included *Angelica, Chrysanthemum, Clematis, Ephedra, Epimedium, Gentiana, Perilla,* and *Prunus*.

Discussion
==========

The first identification system including standard ITS2 and *psbA-trnH* experimental sequences and the SOP for DNA barcoding for the identification of crude Kampo drugs
------------------------------------------------------------------------------------------------------------------------------------------------------------------------

This system constitutes an important contribution to the safe and effective use of traditional herbal medicines in both Japan and China. The relationships and differences between the JP and the Chinese pharmacopoeia (CP) necessitate a complete system for identifying crude herbal drugs. According to our statistical analysis, approximately 66% of the original plants are identical between the JP and the CP. However, because of geographical and cultural variations, there are differences, including the existence of homonyms and synonyms and differences in the sources and medicinal parts utilized for identical crude drugs between the two pharmacopoeias. Angelica (Dang Gui) is recorded in both pharmacopoeias. In the JP, the source is *Angelica acutiloba* Kitagawa, whereas the source is *Angelica sinensis* (Oliv.) Diels in the CP. Chemical composition analysis demonstrates that differences exist in the type and content of the volatile oils of these species, which leads to differences in clinical efficacy[@b27]. The 22 ITS2 sequences of *A. acutiloba* and *A. sinensis* were 230 bp in length after alignment. There were 30 stable variable sites in the ITS2 sequences between these two species (see [Supplementary file](#S1){ref-type="supplementary-material"} [Table S3](#S1){ref-type="supplementary-material"}). This result demonstrated that ITS2 is an excellent tool for the identification of different origins of Angelica roots. Three different origins consist of Scopoliae Rhizoma (*Scopolia carniolica, Scopolia japonica*, and *Scopolia parviflora*). Although the species come from the same genus *Scopolia*, they could be clearly discriminated using ITS2 region by constructing Neighbor-joining tree (see [Supplementary file](#S1){ref-type="supplementary-material"} [Fig. S1](#S1){ref-type="supplementary-material"}). Trade contacts in traditional medicine have been increasingly frequent. A majority of the herbal crude Kampo drugs in Japan are imported from China, and many Kampo companies choose to set up their planting bases in China. A selection of patented Kampo medicines from Japan are also exported to China. To ensure the accurate application of Kampo medicines, beginning at the origin of cultivation and extending to clinical uses, a complete herbal medicine identification system is essential. Genetic information-based DNA barcoding has several advantages over traditional morphological, microscopic, and chemical identification. Genetic information typically remains stable during the entire life of an individual, making DNA a reliable marker for species identification with high repeatability and versatility. Additionally, constructing the SOP for DNA barcoding using a unified database and identification platform will aid in the development of a rapid and accurate herbal material authentication system[@b25]. Recent reports confirm that DNA barcoding is a powerful tool for the identification of multiple ingredients using next-generation sequencing platform technology[@b28][@b29]. This technology will enable characterization of the raw materials in traditional patent herbal medicines.

DNA barcoding has initiated a renaissance in herbal medicine identification[@b22]. Recently, researchers used DNA barcodes to authenticate herbal drugs in the Ayurvedic Pharmacopoeia (AP)[@b30]. The outstanding study developed a quality control protocol for medicinal plant raw drugs by incorporating DNA barcoding, which had significant meaning of drug safety to the consumers. Here differences were compared between the two studies that both focused on the official Pharmacopoeias. Firstly, there were only 15 species identical to our study according to the Latin names (with a percentage of 7.3%). Secondly, in our study ITS2 and *psbA-trnH* region were used to identify herbal medicines, while *rbcL* region were used in the Ayurvedic Pharmacopoeia study. Thirdly, compared to the Ayurvedic Pharmacopoeia study, in which a reference DNA barcode library was created, we established an online system with multiple functions. Fourthly, both in these two studies, 100 test samples were collected to be identified using its own established database. In the Ayurvedic Pharmacopoeia study, 100 test samples included samples of seeds and powders, while in our study we chose the 100 test samples representing crude drugs: i) originating from different medicinal parts (including the roots, stems, leaves, flowers, fruits, and seeds); ii) from both a single origin and multiple origins; iii) from both retailers and the planting base. In the end, we compared the identification efficiency at species level of the 100 test samples from these two studies. At first, we counted the total involved species of the test samples respectively and then excluded the duplicated samples of each species (in other words, only one sample of the same species was selected to statistic the identification efficiency if the identification results of different samples were the same). Finally, we got a result of 81.8% from our study (54 out of 66) and 76.7% (69 out of 90) from the Ayurvedic Pharmacopoeia study (see [Supplementary file](#S1){ref-type="supplementary-material"} [Table S4](#S1){ref-type="supplementary-material"}).

Traditional herbal medicines show great potential for more widespread use, in addition to facing challenges. Traditional herbal medicines are welcomed in modern society, particularly among people with suboptimal health, chronic diseases[@b31][@b32][@b33][@b34] and obesity[@b33] and patients undergoing cancer treatment, in whom herbal medicines are used to strengthen the effects and reduce the side-effects of radio- and chemotherapy[@b35]. However, poor quality of herbal products and inaccurate herbal medicine applications can lead to several problems (Zhao *et al*., 2008). Newmaster *et al*.[@b36] used DNA barcoding to test the quality of herbal products in North America and concluded that most herbal products were of poor quality, revealing the lack of supervision of the herbal products market. Mishra *et al*.[@b37] also proposed that DNA barcoding would be important in the development of herbal-based health care as an efficient tool for overcoming authentication challenges. Two medicinal *Aconitum* species (*Aconitum japonicum* and *Aconitum carmichaelii*) are recorded in the JP. Many incidents arising from mistakes regarding *Aconitum* toxicity or the improper clinical application of these species have been reported[@b38][@b39]. These cases reflect the toxicological problems related to herbal medicine. A DNA barcoding system would be an effective and accurate authentication method for herbal medicines and will aid in ensuring crude drug safety. Our system sets up a model platform for the other pharmacopeias in countries such as China, Korea and the US as well as the European Union, helping to ensure the public medication safety of traditional herbal medicines.

A better understanding of the authentication results for one hundred test samples using our database
----------------------------------------------------------------------------------------------------

In the case study, 78% of the test samples were authenticated as the labeled species. However, 22% of the test samples were not identified to the species level using our database. Origin information was retrieved using scientific names to better understand the ambiguous identification results. *Perilla frutescens* var. *crispa* and *Perilla frutescens* var. *acuta* are accepted as the subspecies of *Perilla frutescens*. Other cases of ambiguous identification at the species level were the result of close relationships, such as that between *Chrysanthemum indicum* and *Chrysanthemum morifolium*. Hu[@b40] indicated that these species could not be distinguished using the ITS2 region because of the low rate of variation within the genus *Chrysanthemum*. Hu also reported that these two species can be well discriminated based on their whole-chloroplast genomes using a MP tree. Chloroplast genomes have been proposed as an effective tool for species identification and phylogenetic studies. Li *et al*.[@b41] discussed the possibility of employing whole-plastid-based barcodes and proposed the use of cp genomes as a super barcode, particularly for closely related species. Parks *et al*.[@b42] reconstructed the infrageneric phylogeny of *Pinus* from 37 cp genomes and concluded that whole-cp genomes could increase the phylogenetic resolution at lower taxonomic levels. Among our test samples, similar situations occurred for crude drugs such as Clematis root and Japanese Angelica root, which have multiple origins. The common short DNA regions can not be used as an efficient DNA barcode for these closely related species. Chloroplast genomes may have the potential to discriminate between closely related medicinal species. Based on the findings and context discussed above, we made two main conclusions. First, a system using an ITS2 DNA barcode together with *psbA-trnH* is an effective tool for the identification of crude drug materials listed in the JP. Second, the longer length and increased variation and informative sites of chloroplast genomes may be used for identification when a short DNA barcode is not adequate, particularly for lower taxa and closely related species.

Methods
=======

Sample collection
-----------------

Plant specimens were collected from the botanical gardens of Fukuoka University, the University of Toyama and the University of Tokyo in Japan as well as botanical gardens in different regions and the herbariums of universities and colleges in China. Crude medicinal materials and decoctions were collected from a pharmacy in Tokyo and a Kampo company in Japan. The sources of materials from China included pharmacies, hospitals, herbal medicinal markets and the herbariums of universities and colleges. A total of 576 samples (201 species from 129 genera and 66 families) were collected to establish the database (see details in the [Supplementary file](#S1){ref-type="supplementary-material"} [Table S1](#S1){ref-type="supplementary-material"}). The original plants from Japan were identified based on morphological characters by local botanists. The original plants from botanical gardens and the crude drug samples from medicinal markets in China were identified morphologically by Prof. Lin Yulin from our institute. Voucher specimens were deposited in the herbarium of the Institute of Medicinal Plant Development, Chinese Academy of Medical Sciences (CAMS) and Peking Union Medical College (PUMC), Beijing, China. All of the sequences generated from the collected samples were verified through BLAST analysis, calculation of K2P distances and construction of phylogenetic trees. When the results from the above three steps were identical, the sequences were used in establishment of the database. An additional one hundred samples were collected to test the database, involving 66 species from 57 genera. They were selected following three principles:The samples represented crude drugs originating from different medicinal parts of plants, including the roots (*Aconitum carmichaelii*), stem (*Akebia trifoliata*), leaves *(Epimedium grandiflorum* var. *thunbergianum*), flower (*Chrysanthemum indicum*), fruits (*Schisandra chinensis*), and seeds (*Coix lacryma-jobi* var. *mayuen*).The samples represented crude drugs from both a single origin (*Panax ginseng*) and multiple origins (*Clematis hexapetala* & *Clematis manshuria*).The samples represented crude drugs from both retailers (the Kampo store in Tokyo) and the planting base (the Kampo joint venture in Jinlin province, China).

DNA extraction, amplification and sequencing
--------------------------------------------

All materials were wiped with 75% ethanol before genomic DNA was isolated. Approximately 25--60 mg of root, rhizome, stem, cortex, fruit and seed material and 10--20 mg of leaf and flower material were prepared for DNA isolation. The materials were rubbed (30 times/second, two minutes) in a Mixer Mill MM400 (Retsch GmbH, Haan, Germany). A Plant Genomic DNA Kit (Tiangen Biotech (Beijing) Co., Ltd., Beijing, China) was used to extract genomic DNA according to the instruction manual. The ITS2 region could not be successfully obtained for some species because of multiple copies in the genome or a low degree of matching between the universal primers and the species. In these species, *psbA-trnH* sequences were amplified. The universal primers and PCR conditions employed in these assays were described previously[@b20][@b43]. The purified PCR products were sequenced in both directions using an ABI3730 sequencer (Applied Biosystems, USA).

Data analysis
-------------

Trace files were assembled using CodonCode Aligner version 4.2.1, and ITS2 sequences were subjected to a hidden Markov model (HMM)[@b44] analysis to remove the conserved 5.8 S and 28 S rRNA genes. K2P distances were calculated using Mega5.1. In addition to the experimental sequences, another 24 sequences from GenBank were also deposited in the database. Both the experimental and GenBank sequences analyzed in this study were screened through BLAST analysis, calculation of K2P distances and construction of phylogenetic trees to eliminate incorrect sequences (including samples contaminated with fungi or other unrelated species).
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###### Analysis of inter-specific divergence between congeneric species and intra-specific variation of ITS2 and psbA-trnH.

  Model                                           K2P distance       P distance      Nucleotides variation                                      
  --------------------------------------------- ----------------- ----------------- ----------------------- ----------------- ----------------- -----------------
  **Sample size**                                      285               33                   285                  33                285               33
  **Number of species**                                95                11                   95                   11                95                11
  **Average maximum intra-specific distance**    0.0063 ± 0.0134   0.0034 ± 0.0058      0.0062 ± 0.0128      0.0033 ± 0.0057   0.0060 ± 0.0125   0.0031 ± 0.0054
  **Average intra-specific distance**            0.0043 ± 0.0090   0.0022 ± 0.0038      0.0042 ± 0.0086      0.0022 ± 0.0038   0.0041 ± 0.0084   0.0020 ± 0.0036
  **Average minimum inter-specific distance**    0.0221 ± 0.0412   0.0026 ± 0.0038      0.0206 ± 0.0364      0.0026 ± 0.0038   0.0196 ± 0.0354   0.0022 ± 0.0031
  **Average inter-specific distance**            0.0393 ± 0.0447   0.0529 ± 0.0447      0.0365 ± 0.0386      0.0361 ± 0.0288   0.0351 ± 0.0377   0.0272 ± 0.0210

Note: 1. Nucleotides variation = number of variation sites/full length after alignment. InDels were included.

2 Sequence statistics of *psbA-trnH* only retained the partial intergenic region when calculating.

###### Coverage of the experimental and GenBank sequences included in this study in reference to the JP.

                                               No. of crude drugs[a](#t2-fn1){ref-type="fn"}   No. of species   No. of families   No. of genus
  ------------------------------------------- ----------------------------------------------- ---------------- ----------------- --------------
  Recorded in the JP                                                146                             211               66              129
  Collected in this research                                        142                             200               65              126
  Percentage[b](#t2-fn2){ref-type="fn"} (%)                        97.3                             94.8             98.5             97.7

^a^Secretions, extracts, exudates and some processed products are not included.

^b^Percentage = No. in this study/No. in pharmacopeia.

[^1]: These authors contributed equally to this work.
